Biomimetics is the study and simulation of biological systems for desired functional properties. It involves the transformation of underlying principles discovered in nature into man-made technologies. In this context, natural surfaces have significantly inspired and motivated new solutions for micro-and nano-scale devices (e.g., Micro/ Nano-Electro-Mechanical Systems, MEMS/NEMS) towards controllable friction, during their operation. As a generic solution to reduce friction at small scale, various thin films/coatings have been employed in the last few decades. In recent years, inspiration from 'Lotus Effect' has initiated a new research direction for controllable friction with biomimetic patterned surfaces. By exploiting the intrinsic hydrophobicity and ability to reduce contact area, such micro-or nano-patterned surfaces have demonstrated great strength and potential for applications in MEMS/NEMS devices. This review highlights recent advancements on the design, development and performance of these biomimetic patterned surfaces. Also, we present some hybrid approaches to tackle current challenges in biomimetic tribological applications for MEMS/NEMS devices.
Introduction
MEMS/NEMS are miniaturized devices that are built at micro/nano-scale and are operated by various electrical, mechanical, and optical principles. These include a variety of sensors and actuators for industrial, consumer, defense, aerospace, and biomedical applications [1] . In particular, actuator-based devices have elements that undergo relative mechanical motion such as microgears, micro-motors and micro-engines (e.g. Figure 1 [2]). In these devices, the issues of smooth operation and long-term reliability have remained un-resolved owing to high friction that arises at micro/nano-scale [3] . Due in part to this reason actuator-based devices have not been fully commercialized yet.
In general, lubrication is the most promising solution to reduce friction. However, lubrication becomes difficult when the dimensions of machine elements decrease from macro-to micro/nano-scale. For example, as the size of the machine elements shrinks from 1 mm to 1 μm, the surface area decreases by a factor of 10 6 whereas the volume decreases by a factor of 10 9 , yielding the surface area-to-volume ratio of 10 3 . Hence, surface forces such as adhesion and friction become significantly influential at such small scales. Further in miniaturized devices, the gap (clearance) between the elements is small (< 1 μm), which prohibits the use of conventional liquid and/or solid lubricants. For example, a drop of liquid lubricant will be in millimeter size and the size of solid lubricants such as graphite or MoS 2 is of the same order as the size of the miniaturized devices. In addition, retention of lubricants at the contact points between the moving elements could be a hurdle for further implementation. Thus, minimizing surface forces in miniaturized devices has remained a real challenge.
At micro/nano-scale, friction is in a regime where the contribution from intrinsic/inherent adhesion outweighs that from asperity deformation [4] . Therefore, friction becomes naturally reduced while minimizing intrinsic adhesion, which arises due to the contribution of various attractive forces such as capillary, electrostatic, van der Waal, and chemical forces under different circumstances [4] . Amongst these forces, the capillary force that causes the formation of meniscus-bridge arising from the condensation of water from the environment is strongest [4] . From a material point of view, silicon is the widely used material for the fabrication of MEMS/NEMS, and in recent years SU-8 polymer has become an attractive material [5] . Silicon is hydrophilic in nature and generates a strong capillary force, resulting in high friction that opposes easy motion of components ( Figure 1 ) [4, 6] . Silicon is also brittle and undergoes wear ( Figure 1 ) [2, 6] . In contrast, SU-8 polymer is hydrophobic, but exhibits high friction/wear due to its soft nature [7] .
In the past, various chemical modifications of surfaces such as boundary lubricant thin films/coatings have been adopted to reduce intrinsic adhesion and friction by increasing hydrophobicity and lubricity of MEMS/NEMS materials. Examples include self-assembled monolayers (SAMs) [8] , diamond-like carbon (DLC) coatings [9] , and also vapor phase lubricants [4] . In order to overcome some of the limitations of chemical modifications, bio-inspired topographical modification of surfaces has recently emerged as an effective route to minimize friction at micro/nano-scale. Biomimetic patterned surfaces lower intrinsic adhesion and friction via hydrophobicity (i.e. reduction in surface energy) and decrease in physical contact area between surfaces. The biomimetic surfaces, when applied with nano-scale boundary lubricants, exhibit even more remarkable capability to reduce surface forces, as well as to enhance durability, i.e. wear resistance.
Recognizing this important trend in tribological applications, this review gives an overview on the design, development and performance of biomimetic patterned surfaces that can significantly control friction at micro/ nano-scale for applications in MEMS/NEMS. As an introduction, Table 1 presents the data of water contact angle (CA) and friction properties of various biomimetic patterned surfaces reported in the literature.
Inspiration from Lotus Effect
'Lotus Effect' refers to the extremely high water repellence and self-cleaning behavior exhibited by the leaves of lotus plant (Figure 2A ). The surface of lotus leaves has tiny protuberances (15-20 μm high, 20-25 μm apart) covered by waxy, hydrophobic crystals (1 nm in diameter) ( Figure 2B ) [10] . These features make the plant leaves superhydrophobic (water contact angle: 162°, contact angle hysteresis of 4°± 2° [10, 11] ). Such an effect arises from heterogeneous/composite wetting of water, wherein water droplets sit on top of the protuberances with air trapped in between them, thus significantly reducing the solid contact area with the droplets [12] . The fact that the protuberances and wax on lotus leaves reduce surface energy and contact area is highly inspirational for controlling friction at small-scale. Hence, researchers have created various biomimetic patterned surfaces mimicking the protuberances of lotus leaves, and have achieved significant reduction in surface forces at micro/nano-scale, which are described below.
Biomimetic nano-patterned surfaces
Polymers provide a fertile ground for biomimetic approaches as they offer a wide range of materials and easy fabrication routes capable of creating surfaces with controllable properties. In an earlier work, nano-scale polymer patterns resembling the protuberances on lotus leaves were created on poly(methyl methacrylate) (PMMA) films spin-coated on silicon surfaces, using capillary force lithography (CFL) [13] . Figure 2C shows a scanning electron microscope (SEM) image of the patterns fabricated at a holding time of 60 min. Such nano-patterns are hydrophobic when compared to silicon surface. Moreover, approximate calculation of contact area based on simple geometry reveals that the contact area can be lowered by 7 times in the case of nano-patterns as compared to silicon flat surface. By the virtue of their hydrophobicity and the capability to reduce contact area substantially, the nano-patterns reduced friction force by 14-24 times at nano-scale, when the friction force was measured using an atomic force microscope [13] . In these measurements, when the applied normal load was kept zero, friction force in silicon was measured to be 20 nN, whereas for nanopatterns it was~0.84 nN. It is worth noting that the friction force exists even at the zero applied normal load, at nano-scale. This is due to the influence of intrinsic adhesion on friction force [13] . The large decrease in friction force induced by the nano-patterns in the absence/ In these works, atomic force microscope and micro-tribotesters were used to measure friction at nano-and micro-scales, respectively.
Figure 2 (A) Lotus plant, (B) micron-sized protuberances on lotus leaf and (C) biomimetic nano-patterns [13] .
presence of an applied normal load is indicative of the ability of the patterned surfaces to significantly reduce inherent adhesion and friction. In general, contact area plays an important role in defining friction at micro/nano-scale. Unlike at macroscale where friction is independent of contact area between surfaces (Amonton's law, [4, 14] ), at small-scales friction is strongly dependent on contact area [4, 14, 15] . According to Bowden and Tabor, friction force directly depends on the real area of contact for a single asperity contact (F f = τ A r , where τ is the shear strength, an interfacial property, and A r the real area of contact [16] ). This law is effective at micro/nano-scale and any reduction in real area of contact directly reduces friction between surfaces at these scales. As a result, patterned surfaces directly reduce real area of contact as similar to the protuberances on lotus leaves.
Patterning of surfaces causes a reduction in real area of contact when the size of the patterns is considerably smaller than that of the counterface [17] (e.g. ball, Figure 3 ). Figure 3 illustrates the reduction of contact area in patterned surfaces. If the contact area between a ball and a flat surface is A (πa 2 , where 'a' is the contact radius given by contact mechanics models [18] ), the contact area between the ball and the patterned surface is lower than A, as the contact between them occurs only at the tip of the asperities/pillars (indicated by arrows). Figure 4A shows the basic parameters involved in the design of patterned surfaces, e.g., the diameter (d) and height (h) of each asperity/pillar and pitch (p), the distance between any two adjacent asperities/pillars. In designing patterned surfaces, these parameters should be suitably selected so as to ensure that: (i) reduction in friction occurs via the reduction in contact area and (ii) they have good load bearing capacity. Depending on the size of the counterface (e.g. radius of curvature of the counterface ball, Figure 3 ), pitch can be varied accordingly. Increase in pitch decreases the contact area, i.e. a patterned surface with a larger pitch gives rise to a lower contact area than that with a smaller pitch, thereby reducing the friction even further (Figure 4, [19] ).
To investigate the capability of biomimetic patterned surfaces, CFL has been extensively used to create polymer patterns with varying sizes and shapes in a simple and cost effective manner [20] . This soft lithography technique utilizes the competition between capillary and hydrodynamic forces in the course of pattern formation. Consequently, variation in size and shape of patterns can be achieved by adjusting the holding temperature and time via various dynamic motions of the polymer (e.g., meniscus rise and polymer reflow) [21] . Figure 5 shows some examples of nano-patterns with varying shapes and sizes fabricated by CFL [13, 21] . At the holding temperature of 120°C and time of 15 min, dimpled patterns initially formed as a result of meniscus formation, which evolved to dimpled pillars with the increase of process time to 30 min ( Figure 5A-B) . When the holding temperature was raised to 150°C and maintained for 15 min, spherical patterns formed and further transformed into conical pillars with the increase of time to 30 min ( Figure 5C-D) . Friction of these nano-patterns has been found to be much lower than that of the flat surface, being dependent on their size and shape [13, 21] . The friction of nano-patterns can be further reduced by applying hydrophobic films such as self-assembled monolayers [22] .
Similar to polymer nano-patterns, DLC nano-dots on silicon surfaces were also used to reduce friction at micro/nano-scale [23] . The nano-dots were created by depositing DLC films on randomly distributed nano-sized nickel (Ni) dots that had been synthesized on silicon surfaces by annealing Ni thin films ( Figure 6A-B) [24] . These surfaces demonstrated a reduction in friction force by 17-20 times at nano-scale, and a reduction of friction coefficient (μ) by 3.5 times at micro-scale, when compared to those of silicon flat surface. It was claimed that the hydrophobicity of the nano-dot surfaces and their reduced contact area brought about such a collective reduction in the friction properties. Micro/nano-textured surfaces such as the ones shown in Figure 6C -D, also prove beneficial in reducing adhesion and friction forces [17] .
Biomimetic micro-patterned surfaces
At micro-scale, although polymer nano-patterns ( Figure 2C ) reduce μ value by 1.4 times compared to that of silicon, they undergo plastic deformation and become ineffective within a short duration of time [13] , suggesting that nano-patterns have limited load bearing capacity at micro-scale. Therefore, micro-patterns would be better suited for micro-scale. A simple, direct way of fabricating micro-patterns is to replicate natural surfaces of water repellent plants (e.g., lotus and colocasia) with a polymer [25, 26] . It is noted in this regard that similar to lotus, colocasia also has protuberances with micron-sized wax crystals, making its leaves water-repellent (water contact angle: 164° [10] ). Figure 7 shows SEM images of replicated surfaces of real lotus and colocasia leaves by CFL on PMMA films spin-coated on silicon substrates. For the replication, real leaf surfaces were used as templates.
These replicated surfaces were hydrophobic and showed μ values 3.5-4 times lower than that of silicon surfaces. the replicated surfaces were more durable than their nano-scale counterparts (nano-patterns, Figure 2C [13]), at microscale.
Given the fact that the replicated surfaces have asperities larger in size (μm) than that of nano-patterns (nm), it could be anticipated that their μ values would be comparatively higher than those of the nano-patterns as a result of higher contact area. However, two distinct and Polymer nano-patterns with different size and shape created using CFL by varying the holding temperature and time [13, 21] . remarkable features of the replicated surfaces come into play in lowering the contact area, leading to lower μ values: (i) the distance between adjacent asperities is on a larger scale when compared to that of the nanopatterns and (ii) only those asperities that are high enough come in contact with the counter surface. In conjunction with these attributes, confocal microscope images of the replicated surfaces demonstrate that in a given nominal area, not all asperities within the area have uniform height (Figure 8 ). Only those asperities that are high enough make contact with the counterface ball. In contrast, in the case of nano-patterns all asperities are of the same height and those that are present within a nominal contact area invariably make contact with the counterface ball.
Taken together, the large scale inter-asperity distance and uneven heights of the asperities in the replicated surfaces retain the μ value at lower levels for the micropatterns. Further, it is found that the surface topography of replicated surfaces follows the real leaves on a smoother scale (Figure 7) , even though the real leaves have hierarchical roughness due to the presence of micro-scale protuberances and nano-scale wax on them. These findings have important implications towards controllable friction with topographically patterned surfaces. Specifically, a simple replication of the surface structures of natural water-repellent leaves would suffice in order to decrease micro-frictional property via the reduction in contact area. If one wants to reproduce the detailed surface topography of real leaves with high accuracy, it would be difficult, costly, and time-consuming, and further may not contribute to lower friction force at small scale.
To explain this further, micro-and nano-scale roughness on surfaces, i.e. dual-scale hierarchical surfaces provides superhydrophobicity (e.g. Figure 9A [27]). But, in the context of reducing friction, the additional nano-scale roughness on micro-patterns does not prove to be really effective. This is clearly evident from an investigation on replication of lotus leaf surfaces, with/without the addition of nano-scale features [28] . In this work, lotus leaf surfaces were replicated using an acetate film, followed by electrodeposition of nanocrystalline Ni ( Figure 9B ) [28] . Ni crowns were created on top of the replicated microprotuberances by short-duration electrodeposition of Ni. A PFPE (perfluoropolyether) solution treatment of the surfaces gave rise to a nanotextured layer on Ni crowns that were present on the protuberances (inset, Figure 9B ). Water contact angle on replicated protuberances increased from 91°to 156°when the nanotextured layer was added to the replicated surfaces [28] . It was reported that the nano-scale surface texture on the protuberances, which played an important role in increasing the hydrophobicity was not useful in lowering the friction coefficient of the replicated surfaces any further [28] . From this result it can be understood that accurate replication of hierarchical roughness of real leaves is not necessary in order to reduce friction, rather replication of the protuberances on micro-scale will suffice.
Combination of nanolubricant and micro-patterned surfaces
Apart from the synthetic lotus-like surfaces, microfriction experiments conducted directly on real lotus leaf surfaces have shown that the wax on their surface can [27] and (B) replicated surface of lotus leaf [28] .
act as a lubricant with reduced friction [29] . The μ value of the lotus leaves in their fresh condition was significantly lower (~0.01) than that in their dried conditions (~0.15), which was attributed to the presence of wax in its fresh condition [29] . Taking a cue from this observation, an application of boundary lubricants such as DLC and ZDOL (dihydroxy derivative of perfluoropolyoxyalkane) on silicon micro-pillars (Figure 10 ) has proven to be effective in increasing the hydrophobicity and surface lubricity, resulting in lower μ values [29] . Micro-pillars fabricated on silicon wafers by photolithography were seen to reduce friction by 2.8 times compared to that of silicon flat surface. However, they underwent wear owing to the brittle nature of silicon as well due to increased contact pressure (at any given load, patterned surfaces experience higher contact pressures than flat surfaces due to lower contact areas). Upon applying DLC and ZDOL lubricants to the micro-pillars, the μ value dropped by 1.3-2 times that of the bare micro-pillars because of the lubrication effect [29] . No wear/material removal was observed on the lubricated micro-pillars that exhibited μ values of 3.8-5.8 times lesser than that of silicon flat surface [29] .
In order to achieve low friction and delay the onset of plastic deformation/wear of polymer patterns, chemical anchoring/grafting of nanolubricant molecules onto micro-patterned surfaces is necessary. A recent biomimetic work reporting on the reduced friction for SU-8 polymer supports this argument [30] . In this work, micro-patterns in the form of micro-bumps were fabricated by nano-imprint lithography on SU-8 thin films spin-coated on silicon surfaces. Results showed that the micro-patterns exhibited μ values 2 times lower than that of SU-8 thin film, but underwent plastic deformation in short time duration of t < 0.5 min (100 cycles).
Surface modifications were conducted to the SU-8 micro-patterns by coating perfluoropolyether (PFPE) nanolubricant in two different ways: (i) direct coating and (ii) coating after their separate exposure to argon (Ar) and oxygen (O 2 ) plasmas. The modified micro-patterns showed a decrease in μ value by > 1.4 times in comparison to that of un-modified micro-patterns, and by > 2.7 times than that of SU-8 thin film. No plastic deformation/ wear was observed on the modified micro-patterns when tested for the time duration of t > 8 hours (100,000 cycles), at 0.3 N applied normal load and 15 mm/s sliding speed. The modified micro-patterns exhibited enhanced durability by > 1000 times when compared to that of un-modified micro-patterns and polymer thin film. With an increase in load and speed to 1 N and 42 mm/s, although the modified micro-patterns showed low μ values (≤ 0.15), clear difference was observed in their durability responses. In detail, micro-patterns directly coated with PFPE had durability of 14 min, whereas those pre-treated with Ar and O 2 plasmas before being coated with PFPE had durability of 32 min and 60 min, respectively. This is because Ar plasma generates carbonyl groups (C-O and C-O-O groups), while O 2 plasma carboxyl groups (COOH groups), each altering the surface properties differently. Thus, the plasma-treated micro-patterns have polar functional groups on their surfaces, to which the hydroxyl groups of PFPE nanolubricant at both their terminal ends get strongly bound, promoting the durability of micropatterns.
It needs to be further emphasized that the difference in the observed durability amongst the plasma-treated micro-patterns coated with PFPE is attributed to the type of bonding that occurs between PFPE molecules and chemically activated micro-patterned surfaces. In general, hydroxyl groups form covalent bonds with carboxyl groups, whereas with carbonyl groups they form hydrogen bonds. Covalent bonds are stronger than hydrogen bonds and thus when nanolubricant molecules are covalently bonded onto micro-patterned surfaces, they exhibit significant enhancement in their durability in terms of wear resistance capacity. Hence, it was observed that the micro-patterns treated with O 2 plasma followed by coating with PFPE showed higher durability Figure 10 Schematic of: (A) biomimetic silicon micro-pillars fabricated by photolithography [29] and (B) boundary lubricant overcoats on the biomimetic silicon micro-pillars.
when compared to those treated with Ar plasma followed by PFPE coating.
Based on the numerous research outcomes mentioned until now, polymeric micro-patterns with low friction and enhanced durability would be the best candidates for small-scale devices. Also, in other applications such as optoelectronics and photonics, polymer patterns are increasingly employed [31] for engineering reliable mechanical motion.
Discussion
As described earlier, the area-to-volume ratio is extremely large at micro/nano-scale, leading us to conclude that friction depends on surface properties rather than bulk material properties. On a comparative note, the difference between thin films/coatings and biomimetic patterned surfaces lies in their approach to reduce/ control friction. While the former is based on chemical modification of surfaces, the latter relies on topographical/physical modification.
Contact area in the case of thin films/coatings can be estimated by using the Johnson-Kendall-Roberts (JKR) contact mechanics model [32] :
Here, R is the size of the counterface ball, K the effective elastic modulus (combination of elastic modulus of coating and counterface), F n the applied normal load and γ the interfacial energy. For thin films/coatings, SAMs have low elastic modulus [33] and so the reduction in contact area is not significant. To reduce friction, a complex chemistry has to work such that the suitable selections of end groups, chain length and mixture of monolayers have to be taken into account [8] . Further, achieving uniform coating of SAMs on large surface areas without defects or polymerization poses a great challenge. On the other hand, in DLC coatings, elastic modulus is relatively high so that reduction in contact area plays a supportive role in reducing friction [15] . It is noted that lubrication in DLC coatings mainly occurs by the formation of 'transfer layer' [34] . During the formation of transfer layer, not all the material that gets removed from DLC coating is transferred to the counter surface; rather most of it gets released in the form of loose wear particles. Such free wear particles could play an adverse role by interfering physically and/or chemically with the functioning components (DLC has high hardness, electrical insulation, thermal conduction and chemical inertness [35] ). Regarding vapor phase lubrication method [4] , it is necessary to ensure the presence of lubricant vapor at the interfaces for the entire duration time of device operation. Given this situation, it requires a provision to store lubricant vapor within the device and continuously re-supply it to the interfaces. This remains a challenging issue yet to be addressed.
Given the above-mentioned limitations/drawbacks of thin films/coatings and vapor phase lubrication, biomimetic patterned surfaces have some noteworthy salient features: (i) they provide a simple and easy route to reduce friction via the direct reduction in contact area. In addition, their performance can be further enhanced by applying boundary lubricant thin films/coatings. (ii) Lithography techniques used to make patterns are the same as those used to fabricate MEMS/NEMS, indicating that patterning the surfaces of device components can be easily conducted during their fabrication. This makes the process even more convenient and cost-and time-effective compared to other methods. (iii) The main aim to reduce friction in small-scale devices is not to eliminate friction completely, since with zero friction sliding components cannot engage each other. Instead, friction should be controlled in such a way that it should be low enough to support smooth motion, but sufficiently high to engage relative mechanical motion between components, e.g. micro-gears. Taken together, making patterns on component surfaces with varying sizes and shapes along with the application of a variety of boundary lubricants provides greater flexibility and strength to control friction at micro/nano-scale, for desired smooth operations of MEMS/NEMS.
Considering the theoretical modelling of biomimetic surfaces, it is focused towards understanding the effect of hierarchical roughness on adhesion force [36] [37] [38] [39] [40] , especially 'roughness induced superhydrophobicity'. The studies aim to support the design of low-adhesion, lowfriction and non-wetting surfaces. Wetting involves interactions at different scale levels/sizes, namely macroscale (water drop), micro-scale (surface texture) and nanoscale (molecules). Hence, understanding the role of hierarchical surface roughness, the transition between various wetting regimes and optimization of roughness etc., becomes important. Modelling has given some insights on solid-liquid interactions. As an example, studies on wetting of micro-patterned surfaces have shown that: (i) the wetting behavior depends on the spacing factor (a micro-scale non-dimensional parameter), and (ii) the contact angle hysteresis and Cassie-Wenzel transition are governed by micro-and nano-scale effects. These insights on the fundamental mechanisms of wetting are very useful in designing non-adhesive surfaces. It is to be noted that when compared to solid-liquid adhesion, dry solid-solid friction is a complex phenomenon that at times is influenced by wear, and so is rather difficult to model.
Conclusions
We have presented that the underlying principles in natural surfaces provide valuable insights towards solving intricate technological issues. Biomimetic engineering of surfaces is an exciting and practical way to control friction at small-scales. Examples presented in this review clearly indicate that by the design and development of biomimetic patterned surfaces, in combination with boundary lubrication, better solutions can be pursued to control friction at small-scales, for the efficient operation and application of miniaturized devices.
